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* FOREWARD

This report describes work on the Tm3 +:YLF laser carried

out by Sanders Associates between 1 April 1980 and

31 May 1981. Tm:YLF is a resonantly pumped, crystalline

3 solid state laser which emits nominally at 450nm when

pumped by the XeF rare gas halide laser. This system

was first demonstrated by Sanders Associates in 1978

under DoE support. Prior to the start of this program

- approximately lmJ had been extracted from a Tm:YLF laser.
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1.0 I NTRODUCTION

1.1 BACKGROUND (-C

The laser requirements (energy per pulse, average power, beam

quality) for the ground based Strategic Laser Communications mission

represent a significant advance over currently available technology.

The combination of very high average power and near diffraction

limited beam quality in a spectral region where comparatively few

devices have been developed poses a severe challenge to the technology.

This report describes work onthe :YLF laser carried out by

Sanders Associates between 1 April 1980 and 31 May 1981>a.Tm:YLF /±ftr

,9 -is-a resonantly pumped, crystalline solid state laser which emits

nominally at 450nm when pumped by the XeF rare gas halide laser. ---.

This system was first demonstrated by Sanders Associates in 1978

under DoE support. Prior to the start of this program approximately

lmJ had been extracted from a Tm:YLF laser.

1.2 PROGRAM OBJECTIVES AND GOALS . ..

The performance goals of this program were as follows:

Energy per pulse: lJ

Conversion Efficiency: 30%

-The technical objective of this program was the determination of
Sof the feasibility of XeF pumped Tm:YLF as a source for the SLC

"ground based mission. At the start of the program three crucial

issues remained to be resolved:

2 a. Internal Lo3ses .

Based on the spectroscopic and material properties of Tm:YLF

the efficiency and pulse energy required for the SLC mission appear
feasible. However in previous work validation of the theoretical

Srelationship between gain and pump fluence was not obtained, that is,
the possibility of loss mechanisms in Tm:YLF had not been resolved.

!.1



Fortunately, in a resonant pumped laser the relationship between gain

and pump fluence is a simple one and can be measured in a. conceptually
straightforward way.

b. Optical Coupling

Although the internal conversion efficiency of Tm:YLF (based on
. the spectroscopic parameters) is high, the overall system efficiency

requirements demand high coupling efficiency and high extraction
efficiency. A key issue to be rasolved is whether a practical high

power system can be built using a single aperture XeF laser pumping
a solid state laser while maintaining sufficiently high pump fluence
for adequate gain with the additional constraint of high pump absorption.

c. High Average Power Operation with Near Diffraction Limited
Beam Quality

High average power solid state lasers are subject to t.hermal

induced optical distortion which can limit the power extracted with

good beam quality. Feasibility assessment of a high average power,
high efficiency Tm:YLF laser with near diffraction-limited beam
quality was a key technical i'sue of this program.

In order to satisfy this technical objective the following

technical goals were adopted:

(a) Experimental determination of the system gain as function
3+¶

of pumping fluence to deuermine whether or not the Tm3 +:YLF exhibited

unanticipated loss mechanisms, ,

(b) Experimental demonstration of a Tm:YLU oscillator or
amplifier for which efficient absorption of the pump radiation Is . ..
obtained under conditions for which the system gain coefficient is
suitable for efficient extraction,

(c) Conceptual design of a high power, high efficiency
Tm:YLF laser operating with near diffraction limited beam quality.

2.
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n 1.3 RESULTS

"The key results of this pr-gram were:

a. The measured gain at ;2.7nm is in good agreement with the

gain calculated from a "pump-while-extract" model using the measured pumnp

fluence, absorption coefficient, pulsewidth, Tm decay rate, and Tm emmis-

sion cross-section. The laser properties for Tm:YLF are adequately des-

cribed with an emission cross-section of au = 2.5 x 10-20 cm2

b. Efficient optical coupling of XeF lasers to Tm:YLF was
--1

achieved at pumping levels for which a gain coefficient, g 0 ~0.1cm

was measured. This correspords to a stored energy density of 1.7J/cm3;
these values of gain coefficient and stored energy density are ideally

suited for a high power system.

c. Nearly lossless concentration of the highly multimode XeF
pump laser was demonstrated using a modified commercially available

"beam integrator". Fluence concentrations of -100:1 was demonstrated

j, with a very high degree of beam uniformity.

d. Efficient extraction of the stored energy was not, however,

obtained. This was due to experimental difficulties, particularly
"the la•,. reliability of the Xsr' pump laser. Approximately 1OOmJ

Ti3+
p was Pxtracted frnm a Tm :YLF amplifier witA an extracting fl-ience

wc~i below Esat*

sa

* -3-



2.0 RESONANT PUMPED LASER MODEL, Tm:YLF

SPECTROSCOPY and CONVERSION EFFICIENCY CODE

2.1 INTRODUCTION

This section describes the static model of a linear downconverter

(resonant pumped laser), the spectroscopy of Tm:YLF, and the calculhted

conversion efficiency of Tm:YLF using the static model and the full

rate equation analysis of a Tm:YLF oscillator.

2.2 RESONANT PUMPING

The term resonantly pumped laser is used to describe the general

phenomenon of narrow band pumping of a laser by another laser. In

such systems, quantum efficiencies to the upper laser level approaching
unity, are achieved with little energy waste or buildup time. This

is contrasted with conventional flashlamp (i.e., broadband) pumped

systems where the lasing level is populated by heat producing, time
ecisuming, non-radiative decays from many higher lying levels. Such

resonantly pumped systems have been demcnstrated in several crystalline
materials, whose outputs range from the UV as in KrF pumped Ce:YLF,

to 'Zhe IR, as in doubled Nd pumped Er:YLF.

Consider a simple system consisting of three states: ground

state, lower laser level and upper laser level. We assume:

a. The upper state lifetime is longer than the pump pulse

(true for Tm:YLF with active ion concentrations <10%)

b. The converter is pumped longitudinally with a plane wave

and

c. Most of the pump light is absorbed in a single pass through

the crystal (ct>2).

All these assumptions reasonably describe the Tm:YLF system

which is described previously.l)The geometry is shown in Figure 2.1.

-4-
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-3The inversion, N*(cm-) at any point in the crystal is given by:

N*n

-1where a is the absorption coefficient (cm-) E is the pump fluence

"(J/cm") and hv the photon energy (joules). The gain at any point is

given by:
,%

go "N*$a

where a is the stimulated emission cross section, and 8 is the

occupation factor of the upper laser level.

Since the fluence is attenuated exponentially along the axis,

the gain seen in a single pass along the axis is given by

i Jot fgo(x)dx AM [Ex"o hv pXd

0

and since E (x) B Efe-ax

where Ef is the fluence at the face, we have

0'

- Oa [laJ~.f

for al>l.

"Table 2-1 lists the pertinent parameters for Tm:YLF as well as

some calculated values of the gain. Note that for 5% Tm:YLF a - 0.30cm1

and for a 6.0cm crystal (85% absorption)

i - 0.12cm* -

with a face fluence of 15J/cm-2.

9 -6 --

/*

/



. . . . .. . ..

, *

P, * ,I .,1

In0

LI.. S -, .

C a
CYU

,W 0

-jin w

IP"3

N Ln

- - - I3p

LI

~ -a

- en
9* go

I-U 9to
M,

>

to0
ts Ia 31



2.3 SPECTROSCOPY

This section summarizes the: spectroscopic parameters of Tm:YLF

measured in this and previous programs.(1)

2.3.1 EMISSION CROSS SECTION

The emission cross section for the r and a components are

shown in Figure 2-2.

* 2.3.2 LEVEL DIAGRAM

The energy levels of the upper and lower laser levels are

shown in Figure 2-1.

A; 2.3.3 UPPER LEVEL LIFETIME

D lifetime at 300K vs Tm concentration is shown in Figure 2-4.
2

2.3.4 ABSORPTION COEFFICIENTS

The absorption coefficient of Tm:YLF vs wavelength in tb?
Sregion of XeF emission is shown in Figure 2-5.

2.3.5 INTERMEDIATE STATE LIFETIMES

Fluorescence lifetimes of all the states up to D2 were measured
and are reported in Table 2-2. These data were used as input to a

rate equation model of a Tm:YLF laser which includes possible interac-
tion between all the excited states of Tm:YLF described in Table 2-2.

8
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Defensive
Systems Tm:YLF ENERGY LEVELS
Division

OCCUPATIO N
ENERGY FACTOR
(CM" 1) (30tK)

r, 28= 0.156
1D %,4 28058 0.171 (x2)

2 ______ r2_ 27995 0.232

"" 27964 0.269
11

B,.

I ' POLARIZATION

"S.' 1 452.6 nm

_______~ 4 5W4 0.048 (x2)
r___ 5969 0.049

r2 59440.056

23 5823 0.100

-4 r. 5759 0.135

r3 ,4  5757 0.137 (x2)

05109-5 r, 560j 0.290

sq

FIGURE 2-3
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TABLE 2-2

Tm:YLF LIFETIMES

DOPANT

MANIFOLD THEORY 4% 1% 5% 7% 10% 15%

I D2, 18.8 7.82 3.16 2.15 0.96 0.56 usec

•IG 103  806 280 12.2 4.13 2.13 usec
4

F .18 usec
," ~34

F 16 .5 ijsec

H 1800 1230 77 28.5 8.2 3.3 usec

• 3 15 14 7.5 6.0 msec

q4

* The lifetime of this state is dominated by impurities and the
measured variation shown is probably not related to Tm3 + concen-
tration.

3
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rn 2.4 Tm:YLF LASER CODE

To establish design parameters for the conversion efficiency

experiments, a computer model of the Tm:YLF system was developed.

- The purpose of this simulation is to obtain a first order approx-

imation of laser performance based on known parameters. From this

information major problems or difficulties can be predicted prior

to the initiation of the experiments at AVCO.

The computer simulation uses a model of the Thm ion in YLF

that accounts for all the pertinent interactions, either known or

conjectured, between the populations of the nine manifolds and the

laser photon flux. These interactions are of four types:

A4d
N . Transitions between two manifolds, induced by absorption of

a photon, either pump or laser.

* . Transitions between two manifolds induced by spontaneousj

fluorescence or spontaneous non-radiative decay.

* Multiple ion effects wherein two ions in appropriate mani-

* * folds transition to the other twc manifolds.

0 Transition between two manifolds as a result of stimulated
emission of a laser photon.

-- -The behavior of each of-the-ten populations of interest is-
- modelled by using a representative differential equation to describe

the rate of change of the instantaneous populations involved. There

are forty possible elements to each equation. Most of the elements,

however, such as stimul .ted emission from low lying manifolds are

either zero or negligibly small, and therefore can be eliminated.

As a result, all equations display as a maximum eight elements.

-14-
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Further simplification in the rate equations can be made based

~J on the following assumptions. (See Figure 2-6.)

* No pertinent interaction occurs within the 3H manifold

0 The pump laser can be treated by a source term in 'D,

designated as n 7 '

. The low percent of inverted ions will allow the assumption

of the ground manifold population 3H 6 to be held constant.

* Concentration Quenching" occurs at a rate r whenever there
exists a resonance or near resonance between a populated
excited state to a lower lying transition in one ion and a
ground state to excited state transition in another ion.

The resulting equations are shown in Table 2-3. n indicates a

time derivative of ion concentration of each energy level. Due to
n-8

conservation of mass, at any time rn - 0. In addition to describing
the rate of change in each level horizontally, the actual mechanism

of concern is pointed out in vertical rows. The description of these

mechanisms is as follows:

* Columns 1 and 3 describe the initial transition from ground

-Vstate to the upper level, n 7, upon absorption of the pump

energy. T'he rate of transfer is proportional to number- of--
pump photons absorbed per unit area, and inversely propor-

tional to the length of crystal.

The third column indicates immediate decay processes after

initial absorption.

* The second column represents the two competing processes
in stimulated emission which involves the upper and lower

-15-



.. a, nsive LEVELS INVOLVED-- 3yot~ms
c ~Diviyion IN Tm + 3 :YLF LASER

3..

*8113 P3 8 34705 C

"p+ 'I7 D27964 =

L- ElJ I
•70 1 I

, h ' i lI
::rI 5I r r"

6G420981758

06 '38
" I jIr63I If •,

5 F 2 15104 
rI'41

4 3F 14531 - -, -
3

tI i I I "'43
3 H 4 12621- --

2 H 5 8285.!j'7

r7 ji 363 86

1 3 F 5600 r- ,i

.,3 4 I I IrF 10

0 H 0
[16 34-0814077349 0 -2751114 11 0 5600 573 1910239 277' 1421 7 807

03110-2
FIGURE 2-6
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laser levels occupation factors, along with the two laser

photon absorption mechanisms.

"* The fourth column delineates all spontaneous intereaction

such as fluorescent, i.e. radiative; or thermal, i.e. non-

radiative.
.'-.

" The fifth column illustrates the four known or conjectured

(r 6 3 ) two ion interactions under Concentration Quenching,

in a separate column each.

The composite equation, for the laser photon flux, contains

three other terms unrelated to the above processes. There are dis-

tributed losses, both for the scattering in the crystal and the L

round trip loss induced by such things as mirror absorption and

transmission. The last term deals with the contribution from fluor-

escence into the beam volume of the appropriate wavelength.

46

The predicted operation of the Tm:YLF laser has been determined

with the above model. Conversion efficiency of the XeF laser energy

was calculated to be about 40% with a pump energy flux of 15 to 20
2J/cm with the assumption that the loss term a3 8, is non-existent.

a38 is the absorption cross-section between the H and SP multi-
384 0

plets. These multiplet widths are such that overlap between 3 H -

P 0 absorption transition may be resonant with D F emission

transitions. This would represent a loss mechanism at the laser

line of magnitude

N(SH4 ) . 83

where N(SH4 ) is the instantaneous population of the 3H4 multiplet,

$i is the occupation factor of the ith state in 3 H an a is tile
th 38 thabsorption cross-section between the i state of H4 and the j

of SP which coincides with any one of the D- 3 F transitions.0 2 4

- 18 -
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In the resonant pumped Tm:YLF laser the initial XeF excitation is

5 absorbed by and stored in 1DV. In very dilute Tm concentration (1)
1D2 decays primarily radiatively and predominantly to, 

3H0 3 F 4and
3 H 5#the 3 H 4 ouainin this case is negligible and there is no loss

to the 1D2- 3F4lasing transitions.

At high Tm 3+ concentration 1Ddecays non-radiatively by "concen-

tration quenching" via the ion-ion interactions:

1 3 3 3
D2. 2 6 . h4

43H :non-radiative decay

ATm ion initially excited to Ddecays in this mode in a manner that

results in two Tm ions excited to H N~ote that r5  and r are fast.

An estimate of the rate of this process (assuming it is the dominant
decay mode) can be inferred from Figure 2-4 which showsthlie

tim 2 s 2ocnrain decays non-exponentially and the cited

valesoflifetime refer to the initial exp decay of the population.

!%
%'

"The loss at any instant is:

3

On time scales short compared to the D 2 decay a 3. will and

irrespective of the value of a38. Since the value of a38 is not known

(it could be zero) calculation of the 3nH4 population as a function of

time were not carried out.

-19-



3.0 EXPERIMENTAL RESULTS

3.1 INTRODUCTION

"The experimental program for Tm:YLF laser evaluation was carried

out by Sanders at the Avco Everett Research Laboratories (AERL) using

a 1 meter XeF laser as the pump. Design and fabrication of all the

Tm:YLF experimental hardware was carried out at Sanders.

3.2 DESIGN REQUIREMENTS

Several oscillator designs ranging from simple single pass trans-

verse pumped geometries to complex multipass geometries were carried

out to optimize the purp absorption and maximize the conversion
efficiency. In tlhe design of resonant pumped lasers a few basic

conditions must be met:
(a) fluences must be maintained well below the damage limits of

components, particularly coatings;

(b) sufficient energy must be deposited in the ,:rystal to assure

sufficiently high gain for efficient extraction;

(c) crystal length and concentration must be such that al>:1

(longitudinal pumping) with the constraints on a (active ion

density) t'hat the lifetime be longer than the pump pulse

and in I that it be less than on the order of the depth of

field of the image to eliminate vignetting of the pump beam.

To determine the fluenca requirements we recall from Section 2.0

that the relationship between gain and pump fluence for a longitudi-

nally pumped crystal was shown to be

4i .aEf (1 e-ax

and for typical experimental parameters (5%Tm:YLF, L - 6 cm)

"go - O.08cm- at Ef - 1 0 J/Cm2 , where Ef is the fluence

at the front face.

-20-
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. For oscillator experiments the optimal gain coefficient for efficient
extraction depends on the ratio of internal losses to the coupling

", .mirror "loss". In flashlamp pumped and resonant pumped laser oscil-

lators typical values of the small si,;nal gain coefficient for

"" efficient extraction are " 0.2 - 0.4 cm- 1 (3)This means that experi-
ments must be designed to generate face fluences of 1% 30 - 60 J/ cm2.

Discussions with AERL personnel indicated that little was known

about the beam quality of the lm XeF laser. The estimated divergence
of the device was a few milliradians when operated at an output of

* 10J in an aperture of 85 x 85 mm.

Based on this initial information several design approachs were
generated. In very simple terms there are two basic coupling
approachs - transverse and longitudinal. In the former, a high pump

lip absorption coefficient or multi pass pumping geometry is required to

- "generate sufficient gain; in the latter the pump must be coupled
" . through the rear resonator mirror. In both cases precise alignment

Smust be maintained between the pumped volume and the resonator axis.
We consider details of each approach below.

3.2.1 LONGITUDINAL PUMPING

- In longitudinal pumping the pump laser is coupled to the crystal
p. •through'the rear mirror of the Tm:YLF resonator and the pump beam is

co-lirear with the resonator axis. This approach has several advantages:

4 (a) Fabrication

Samples are simple to fabricate, sample shape is of no concern,
and only two laser polished faces are required.

(b) Absorption
* A 5% Tm:YLF sample exhibits an absorption coefficient of

0.31cm at 353 nm. The maximum practical Tm concentration
is about 10% (a - 0.6cm-) above which the ID lifetime is2

if shorter than the pump pulse increasing the losses to non-

-21
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radiative decay. Thus path lengths of " 6 - 10 cm are

required for efficient absorption in a single pass. This is

readily obtained in longitudinal pumping gecmetry.

* In addition, a longitudinally pumped oscillator is simple tomodel - gain is calculated from the face fluence and emission cross,-

section. The difficulties of longitudinal pumping are that the pump
* beam must pass through the rear reflector of the resonator and some

care must be taken to prevent coating damage. Figure 3wl shows the
coupling lens purchased for longitudinal pumping experiments. The

550 mm focal length lens images a plane wave of divergence 10 mrad
to a 5.5 x 5.5mm diameter spot in the image plane. With a 10J input
the fluence in the image plane is >30J/cm2

3.2.2 TRANSVERSE PUMPING

Because the Tm:YLF laser will operate more efficiently the
higher the gain, effort must be made to maximize the energy absorbed
along the crystal axis. In longitudinal pumping, where the pump
energy enters the crystal along the oscillator axis, this maximum is
the point where the surface damage threshold of the crystal is reached.

I With slow focusing; i.e., f/# greater than three, the surface fluence
and adsorbed energy are approximately equal so the limit on fluence
is the limit on absorbed energy.

To avoid this limit one must break the relationship between
surface fluence and energy on axis. Generally, such schemes involve
transverse pumping. Unlike longitudinal pumping, the pump light now

5- enters from the side, and floods the crystal, as it is no longer
confined to the axis.

The first cut design would have a beam, below the surface damage
threshold illuminating the side of a slab. For Tm3+ concentration of
less than 10%, the absorption coefficients are low (-.31cm,1 in 5%

-22-
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Tm:YLF at 353.2nm), therefore the absorbed energy in a transverse

slab can only be -31%, per cm in length, of that in a longitudinally

pumped crystal. This is because, for exponentially absorbed beams

the deposited energy ED is

E X aEoe0 L "E0 ae'-aLEo
3 L

In principle,therefore, one can achieve unlimited energy depo-

sition by making the crystal, and the pump pulse footprint, longer.

/ With fixed energy, however, this translates to making a longer and

S/ thinner line focus. As the line gets thinner, its f/# drops as does

the depth of focus. In this manner, as the energy deposited on axis

* increases, the pumped region shrinks. The amount of energy deposited

in the highly pumped region decreases rapidly.

Figure 3-2 shows such a system, along with a two pass system

Sin which a mirror returns the light that passes through the crystal.

Variables in such systems are the dopant concentration, focal length

of the cylindrical lens and distance (a) of that lens from the initial

focus, chosen so that most of the light is captured and focused at

p the appropriate distance. For the two pass system, another variable

is the thickness of the crystal. Four cases are delineated on

Table 3-1.

While such systems are capable of very high (>30J/cm 2) energy

depositions, two problems are seen. Fi lthe excited regions

are very narrow in these cases, about one-to two millimeters across.

It is quite difficu2t to align the axis o a resonator to such a

thin plane in space. Secondly, almost no energy is absorbed near

this axis, even though the calculation included a 2:1 aspect ratio

* , volume. (The height being twice the spot idth.)

A method of overcoming these two defec s is space filling,

multi-pass pumping. Generally these are polyhedral prisms, whose

- 24 -
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SIMPLE TRANSVERSE PUMPING

"" 80mm wide

TOP
:VIEW

Sq CYL. LENS

'• ' . 'SIDE
t.

VIEW
. .a b

80mm high %,3mm w

* ' ~ __ __ __ __ _550 mm C .

7-|

p!

•.One Pass .. .... Two Pass

4,

• FIGURE 3-2

/

/. ,•- 25 -

/



p TABLE 3-1

TRANSVERSE PUMPED DESIGN PARAMETERS

Focal Length (f) 38.5 48.1
(mm)

Distance from Focus (a) 170.2 49.8 148.9 71.1
(mm)

Magnification .29 3.42 .48 2.09

Energy Capture n85% 100% 4.95% 100%

One Pass Energy Deposition 20.7 2.1 14.6 3.4

(J/cm
2 )

Two Pass Energy Deposition 30.5 3.0 21.5 5.5

(J/cm )

Energy in Central Region:
(J)

j One Pass .32 .60

Two Pass .45 .84

Line Width q,0.9 ',10.3 u1.4 4 6.3
(mm)

5% Tm:YLF

J.' 10mm Thick

- .. 220mm total distance (c) for 40mm length

"•7J available at Cyclinder Lens

/
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reflective faces return the unabsorbed light for another pass through

->the crystal. Trial and error, in sketches, has shown pentagons to

be a good compromise between the number of passes, size of the faces

and depositi-'ýn uniformity. Figure 3-3 shows both a regular and an

irregular pentagon.

In comparison, the irregular pentagon is clearly superior. The

inpu t is at right angles (vs 630) to the face, the angles are either
900 or 1200 (vs 1080), and the entrance face is wider. The regular.
pentagon does have two advantages, though. It has no small facetO's
plus the light that escapes does so at an angle from the input.
This allows the use of a mirror to reintroduce this light into the

crystal.

Figure 3-5 (A & B) shows seven equal area pentagons. The first
N7V six are the zero through fifth order irregular while the seventh is

the'regular pentagon. The order refers to the number of unit

lengths in the side or

N. S/(hN-Cos-3 0 )

*All of the diagrams and accompanying data are based on crystals of
1 unit square area.

-*1 A2.
Acomparative calculation has been done using a 0.4cm crystal

as an example. The energy deposited, and energy stored after 0.15p~sec

* for four orders of irregular pentagons and four different dopings
were calculated. The answers are expressed as fractions of the

* input energy. The results are listed in Table 3-2.

- *.*The first delay time of zero microseconds gives the total energy
deposited. The second delay of 0.15113ec corresponids to roughly half
the turn on time of the laser, which is the average time the ions
spend in the upper manifold.

-27-
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PENTAGONAL CRYSTALS

* - -- - IIrregular

(order n3)

i.w

Regular

FIGURE 3-3
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IRREGULAR PENTAGONS

Different Order Solutions for Constant Cross Sectional Area

0 2.63 0 .76 22

.75

1 1.52 .44 .88 3.95

4N .9n

2 1.18 .68 1.02 5.10

S .95

h

V

- %3 .99 .86 1.15 6.0
-oI

*3W .96

*1 represents the total path length of the pump beam

FIGURE 3-4A
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"N w S h 1*

N4 .88 1.01 1.27 6.84

.9"7

'i.•°

5 .79 1.15 1.37 7.56

.98

a

R .76 - 1.17 5.97

.87

*1 represents the total path of the pump beam
1_1

FIGURE 3-4B
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TABLE 3-2

FRACTION OF INPUT ENERGY DEPOSITED

IN IRREGULAR PENTAGONS

"Concentration Delay Pentagon Order
o(•.s) 2 3 4 5

* 3% 0 .37 .41 .44 .45

3% 0.15 .36 .38 .43 .44

5% 0 .53 .57 .59 .61

5% 0.15 .51 .54 .56 .58

. 7% 0 .64 .68 .70 .71

7% 0.15 .60 .63 .65 .66

10% 0 .75 .78 .80 .81

10% 0.15 .65 .67 .69 .69

*13

• • - 31 -
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We see that there is a monotonic increase in deposited energy
as one goes to higher orders and higher dopants, but limits are

being approached. Because of the increasing difficulty in fabrica-
ting high order solutions, which tend toward a knife blade shape,
the optimum is not at any extreme point. This optimum is probably
around order 3-4 in 5-7% Tm:YLF.

"Table 3-3 lists the stored unergies after 0.15 sec for eight
rZ solutions: 0.25 and 0.40 cm2 , third and fourth order solutions and

5% and 7% Tm:YLF. These are calculated using aluminum reflectors of
90% reflectance. Note that although the stored energy density
increases as the crystal size decreases, the small faces of the

0.25cm2 crystals are ~2.Smm wide. This is near the limit on fabri-
cation of 40mm long crystals. Even at this size, the fluence on
the first reflectors is near 3J/cm2 . This is too much to subject a
dichroic coating to, and questionable for bare aluminum.

Finally, we note that these design exercises, while instructive,
make implicit assumptions about the pump beam. Prior to a detailed

experimental design it was necessary to experimentally determine the
pump beam parameters.

/'3
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Table 3-3

S STORED ENERGY*

Crystal Length - 4 cm

Area Concentrat ion Order Energy

(cm2 ) (M) (N) (J/cm2 )

.25 5 3 12.9

4 13.7

7 3 14.1

C 4 16.2

.40 5 3 8.2

"4 8.5

7 3 9.0

4 9.3

• Delay 0.15 Us, 7 Joules Input

-33-
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P3.3 INITIAL EXPERIMENTS

Experiments at AERL were carried out in a 3 week period of July
1980. The objectives were:

(a) Accurate beam profiling of the XeF pump laser.
(b) Damage testing of Tm:YLF samples.

(c) Preliminary oscillator experiments.

3.3.1 BEAM PROFILING

In order to design meaningful experiments the intensity variation
of the pump laser in the image plane had to be measured. A multiple
film plate camera was built to take "photos" of different planes near
the focal plane. This-device is shown in Figure 3-5., The patterns,
observed were highly irregular and variable. This showed that the
difficulty of quantitatively reducing the exposures to deposited
fluence maps was higher than thought, in fact, so much higher that
it was beyond the limit of allowable time. Furthermore, the varia-
bility of the patterns says that even if such a reduction was done,
its value would be limited. Clearly a more general, quicker and less,
precise method of measuring the beam pattern was needed.

'.'AERL had been using a photosensitive thermoplastic called Lydex

to record the beam patterns. This material,, which is placed in the
beam as in Figure 3-6 and then heat, treated in a machine with a
heated felt roller, worked well for us. Figure 3-7 shows a series

of exposures taken with filters of increasing density at one location.

The intense hot spot in the beam center is the order of 100 X
the fluence at the beam edges. Furthermore the hot spot was ob-
served to vary in space from shot to shot. It was clear at this
point that the preliminary experimental design would have to be
modified drastically.

q3
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i 3.3.2 DAMAGE TESTING

Energy calibration was the first step in damage measurements.
A monitor calorimeter was placed in position to read energy reflected
off a beam splitter located in front of the input oscillator mirror.
Another energy meter registered energy which would 1e incident on
"the crystal. After consistent calibration was obtained, Tm:YLF

crystals were inserted in the oscillator - here the damage measurements

were performed.

Initially a 5mm diameter aperture was placed at the crystal face

and a fluence of 9.3J/cm2 caused damage (see Figure 3-8). Previous
determination of the damage threshold of YLF at 1.06 and 0.532pm had
resulted in measured damage fluences >50J/cm2 in Q-switched (20ns)
pulses. The 1.06 and .532pm data were spatial averages with a
multimode laser. The damaging fluences quoted for the XeF laser do
not take into account the intense hot spot ("lmm dia.) in the central

S I part of the focused spot but represent spatial averages over the Unm

aperture. With a 3mm aperture the calculated fluences are considerably
higher - measurements were attempted with a 1mm aperture but were in-

validated by the plasma formation at the aperture.

.3.3.3 OSCILLATOR EXPERIMENTS

The intense hot spots in the focal plane of the pump laser

imposed severe problems in the implementation of the oscillator
experiments. What is desired is a fairly uniform deposition of the

i pump fluence on the front face of the crystal with a face fluence of

about 30J/cm2 .

It was found that the focus of the XeF beam, which came from a
flat-flat resonator, was not only highly irregular, but inconsistent.

!| Shots taken only an hour apart would have totally different patterns

and intense hot spots would be formed in unpredictable areas of the

S-38-

I

/ 7
/

!7



Measured Damage Fluence

XeF Laser**

5mm Aper•. ure

SCRYSTAL 
DESCRIPTION SURVIVED DAMAGED

555.15 5% Tm:YLF Std. Feed, Laser Polished 5.1J cm 16.4J cm

2-2S555.12 5% Tm:YLF Std. Feed, Laser Polished 9.33 cm

"" 558.1 1% Tm:YLF Std. Feed, Optically Polished 6.7J cm- 2  *

312f.15 10% Tm:YLF Std. Feed, Laser Polished 9.6J cm 2

S7.0J ci" 2  113 cm-2

Dichroic 
Coating

" .Jc-2 -2

.1 Dichroic (a) 
2.7 cm 3.OJ cm-

* Damaged due to laser beam reflecting off crystal wall

3mm Aperture

CRYSTAL SURVIVED DMAWGED

555.12 16.14 cm 26.9J c',- 2

312f.15 22.6J cm"2  24.5J cma2

Dichroic (a) 2.2J cm" 2  3.5J cm-2

Quartz 28.OJ cm -2

*A'Pulsewidth

FIGURE 3-8
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f focal plane. On the other hand, the outer edge of the spot was

. already larger than the 1cm2 crystals, so there was no question of

using .a softer focus to lessen the "hot spot" problem.

Furthermore, the Lydex exposure indicated variations >100:1 in

intensity from the small central hot spot to the periphery of the

imaged spot and the damage tests indicated that the only measurable

experiment which could be performed with the equipment and within the

time alloted was coupling the central hot spot of the Xef beam

i
-0
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The major difficulty of this approach (coupling of the "hot spot")
was that accurate diagnostics were impossible as the deposited fluence in

the lasing region could only be crudely estimated.

The oscillator was aligned to the hot spots of the XeF.,pump via

* lydex film. From the results of the damage measurements we began
pumping at below the asumed damage limit and slowly increased the

pump fluence by removing filters to determine threshold for Tm:YLF.

A Scientech high-speed photodiode (with narrow-band blue filter) and

calorimeter were located on-axis behind the output mirror to deter-

, mine if lasing occurred. After several shots with no apparent lasing
in the blue the calorimeter-photodiode unit was removed in order to

"* set up a screen to photograph the laser while firing. A lite-mike

was used for pulse detection scattered off the screen.

On the subsequent shots, laser pulses were detected by the lite-

Smike and photographs also indicated lasing had occurred. At this
point the XeF laser failed thus prohibiting any documentation of the
pulse - hence no conversion efficiency values were obtained.

3.4 DESIGN IMPROVEMENT

The highly irregular beam of the lm device necessitated complete

redesign of the optical coupling apparatus. These are described
"below.

3.4.1 OPTICAL INTEGRATORS

Several ways were suggested to form uniform beam patterns from
highly non-uniform beams. One which has been used on large CO 2 lasers,

*i was to use many small mirrors, whose reflections overlap in the plane
of interest.

While the construction of one of these devices appeared to be
uncomfortably difficult and time consuming, it was known that such

-41-
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devices were stock items, for the far IR, from SPAWR Optical Research.

One of these devices was ordered with a custom coating of aluminum to
provide good reflectivity at 350nm. It consists of 32 J" x }"

(12.7mm x 12.7mm) mirrors whose reflected images overlap at 25" (635mm).
While this does not form a small enough spot, a system was designed

in wnich this spot was imaged at 2:1 by a large lens that captured

all 32 beams (see Figure 3-9).. A side effect of this arrangement

is that each of the 32 beams is focused in space and forms its own

"small hot spot. Care was taken to be sure that these would not fall

on any surface, such as the dichroic mirror, or in any material, such

as the crystal.

3.4.2 TRANSVERSE

Choices were made among the various options of area, length,

dopant and aspect ratio of crystal designs for transverse pumping.

"-.13The area is a balance between ease of fabrication and alignment

and low fluence on the reflectors, all of which favor large areas,

and the intensity of deposited energy, which favors a small area.
2The final conclusion was that 0.45 CM was near optimum for 5 - 10%

Tm:YLF.

The length was similarly balanced between large transverse
dimensions for low pump fluences which favor long crystals and

fabrication difficulties which favor short crystals. The final

design was set at 40mm.

The desired dopant follows the same arguments as for the

longitudinal crystals, except that the absorption coefficient is of

"somewhat greater importance. It was felt that two crystals, one of

"717% Tm:YLF and one of 10% Tm:YLF would both be useful, in and of them-

selves and in contrast with each other.
I"

Intermixed with these decisions was the choice of impact ratio.

-42-
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While higher ratios provide longer absorption paths, the 1200 faces

at the "bottom" become unmanageably thin, and the shape of the whole

crystal deviates futher and further from a circle (see Figure 3-10).

"An obvious compromise was N:2 where all the faces except the entrance

face are of equal size. This crystal is shown in Figure 3-11 and
3-12.

While there was insufficient time to have crystals fabricated

* for the upcoming October experiments, the importance of non-imaging
pumping, shown by the erratic beam profiles seen in July, led us to

order a pair fabricated for the third experiment series. The remaining
large stock piece of 10% Tm:YLF and the entire boule of 7% Tm:YLF

grown specifically for this purpose, was sent out for fabrication.

To be fabricated with the crystals were two sets of four inter-

changeable reflector blocks, Figure 3-13. An appropriate holder was

made so that any given block could be replaced with any block from

the spare set if, for instance, its coating was damaged. These

coatings on the bevel side of each block were to have high reflec-

tivity at 353mm and 30 of incidence.

Simple pump optic was designed at this time. It was a variant
of the original reimaging pump optics, using a cylinder lens to
collapse the small collimated beam to a line. This is shown in
Figure 3-14.

* 3.5 OCTOBER EXPERIMENTS

3.5.1 EXPERIMENT ObJrCTIVES

The objectives of the October experiments were to perform

diagnostics on the Tm:YLF laser output beam, to determine the con-

version efficiency of an XeF pumped Tm:YLF oscillator and to test

the alternate coupling optics efficacy in producing uniform spcts

from the highly nonuniform XeF beam.
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S3.5.2 OSCILLATOR EXPERIMENTS -DIAGNOSTICS

The oscillator geometry and instrumentation to resonantly

pump Tm:YLF is shown in Figure 3-15. After aligning optics and 5%
q Tm:YLF crystal (10 x 10 x 60mm) to the central hot portion of the XeF

pump lasing occurred on subsequent shots. The 450nm oscillator output

was r polarized, with a pulsewidth of lOOns (see Figure 3-16). Energy

output of 50mj in the blue was measured.

/
V. Beam diagnostics were carried out by reflecting the blue

light to the screen cage. This enabled the operation of the high
speed detectors out of the EMI environment of the XeF laser.

The polarization of the output was found by placing a

polarizer in front of the "lite-mike" detector which also has a 450nm
narrow band filter over the active area. The polarizer was rotated
900 between subsequent shots. At the same time, the test was done

visually, with a polarizer in the opposite orientation. Most shots

indicated transmission with the polarizers r oriented; none trans-

mitted with a orientation. The beam path was checked to insure that

none of the reflections rotated the polarization between the crystal

and the detectors.

The pulsewidth and relative timing were recorded in each

of the polarization checks where the polarizer transmitted. One trace

of the output pulse is shown in Figure 3-16, as is an XeF pulse, both

on a much expanded scale. The trý,ces have the same time scale and
starting time.

The output energy was d tected by a Scientec 1" volume
absorbing calorimeter, located dir ctly outside of the resonator, with
a narrow band 450nm interference f lter covering the aperture. Com-

pensating for the transmission of he filter, the largest recorded

output was 50mj. This was for a s ot where 5J of 353nm light was
incident on the crystal. Seventy percent of this energy was absorbed

- 50 -
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INPUT/OUTPUT LASER PULSES
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by the crystal. Although precise measurements of the energy deposi-

tion profile are impossible becutse of its variabiLity and gross

irregularity, observation of several Lydex exposures, taken in the

region occupied by the crystal, led to an estimate that 30% of the

pump energy was within the active region. Therefore, approximately

m l.OJ was deposited in the lasing volume, so the calculated conversion

S* efficiency is 5%.

3.5.3 INTEGRATOR TEST

The oscillator experiment, shown in Figure 3-17 was set up

on the last day of experiments at AVCO using a 240mm focal length lens
from our lab.

A Lydex exposure was made of the first "focus" of the
- integrator. Figure 3-18 compares the pattern to one taken of a

focused spot. If one looks at the original, the extreme uniformity
of the integrated spot is apparent, as is the extreme irregularity of
the other.

/ Before the crystal was placed in the oscillator, a through-
/ "put measurement was taken for 9.6J of pump, only 2.2J were passed

through the dichroic mirror. It was not known where the energy was

being lost, as the expected delivered energy was v6J.

With this low throughput, it was not surprising that the

--- oscillator did not lase. However, the usefulness of the integrator,

in forming small uniform pump regions, was demonstrated.
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3.6 AMPLIFIER MEASUREMENTS

/5a
The experience of the first two experimental sections led to a

complete redesign of thd experiments for the final session at AERL.

The reasoning is simple:

In the initial experimental design and modelling a longitudinally

pumped oscillator with a plane wave input was assumed. Oscillator

experiments, although conceptually simple, require rather high pump

fluences to obtain sufficiently high gain for efficient extraction.

For example, typical values of go for a resonant pumped system(3)

"operating with good (40X) efficient is 0.4 cm-. In order to obtain an

"average gain coefficient of 0.2 cm- 1 in Tm:YLF, a pump fluence of

W30J/cm2 is needed. This would be straightforward with a clean pump

beam; but the focal plane fluence measured in the preliminary experi-

ments at AERL exhibited variations of >100:1. With the beam integrator

reasonably uniform "focal plane" fluences were obtained at only 1OJ/cm2

which provides a corresponding gain coefficient of 0.08 cm 1 - a gain

too low for efficient oscillator operation.

A further requirement for efficient oscillator operation is pre-

cise alignment of the crystal with the resonator mirrorc and with the

pump beam. This was a particularly difficult aspect of the experiments

* at AERL as the XeF laser was erratic and the hot spot was not fixed

spatially.

The experimental set-up for amplifier extraction is more complex.

In addition to the XeF pump optics, a source of extracting energy tem-

porally. spectrally, and spatially matched to the gain medium is re-

quired. In spite of this added complexity amplifier measurements

appeared more likely to succeed under the constraints of the existing

experimental conditions for the following reasons:

-56-
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(a) High Energy Storage

Full absorption of the pump laser energy in a longitudinally
pumped crystal-is straightforward. A 5% Tm:YLF crystal of 5 cm length
will absorb 80% of the pump laser in a single pass.

(b) Ease of Extraction
The saturation fluence for Tm:YLF is:

"Esat cm2

and would be provided by a commercial dye laser which can provide a
much "cleaner" beam than the AERL XeF laser.

(c) The stored energy in a Tm:YLF amplifier is very high at
low XeF pump fluences - 5J/cm2 deposited produces %0.6J/cm3 stored.

(d) Resonant pumped amplifiers are simple to model and subject
to far less experimental ambiguity as amplifiers are far less sensitive

to precise alignment and to losses.

3.7 FEBRUARY EXPERIMENTS

A final series of experiments, scheduled for six weeks, began
February 18. The main goals were to confirm our spectroscopic know-

ledge and generate significant amounts of blue light using the integra-
tor pumped dye laser seeded amplifier.

3.7.1 SET-UP

Before the excimer laser could be used, some rebuilding work was
directed by AERL. Beginning on February 18, Sanders' scientists and
an AVCO technician:

- Installed new storage capacitors

- Repaired the Marx bank erecting spark gaps
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- Repaired the E-gun feedthrough bushings
- Rewired the electrical components

"- Filtered the insulating oil and refilled the high voltage

section
- Installed new laser mirrors
- Removed, cleaned and replaced the gas cell windows

While this was going on, the dye seeded amplifier experiment

was being constructed. The set-up is diagrammed in Figure 3-19 and the
layout in the laboratory shown in Figure 3-20.

Timing of the pump (XeF) and extracting (dye laser) beams was
effected by splitting a fraction of the pump and extracting beams to a

photodiode in the screen cage.

A removable mirror directed the blue beam to a polychromator/OMA

which was used to measure its wavelength. By illuminating a crystal of

Tm:YLF with filtered output from a Xenon arc lamp polarized fluorescent

spectra were obtained. By noting the center channel on the display
a. oscilloscope, hooked to an optical multi-channel analyzer, the dye

laser was tuned to the same wavelength.

3.7.2 FIRST SESSION WITH THE XeF LASER

The XeF laser was first run on March 6. The output, measured at

the output mirror, was 7 Joules. The relative pulse timing was esta-

Sblished, with the dye laser following the XeF laser b7 about k Usec.

The XeF beam was walked through the experiment optics, off the
flat tuning mirror, to the optical integrator and through the relay
lens.

Beam profiles were established by taking sequential exposures

down the axis. For collinearity, a piece of Lydex was taped to the
back of a piece of exposed film, and placed where the crystal would
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go. The dye laser beam burnt the film emulsion and the XeF beam

E exposed the Lydex.

By holding this to the light, it was seen that the dye laser

beam was fit perfectly within the square spot of the XeF beam.

The energy monitoring meters were callibrated using the 4"

Scientech. At this point, for each shot the XeF energy and the pulse-

. width and relative timing of the two beams was measured. The dye laser

was so consistent that to obtain its energy, two shots were taken, one

during the XeF shot and one afterwards.

At this point, of 7 Joules of XeF energy coming out of the XeF

Slaser only a 1 - 1.5J were incident on the crystal face. Most of the

rest is lost due to the geometry, the size of the optics and the

divergence of the XeF laser.

Beginning March 17 crystals were put in the beams and measure-

ments were taken of the fraction of the blue beam after the crystal,

both with and without firing the XeF laser. Those combinations tried

were:

10% Tm:YLF 452.6 nm a
10% Tm:YLF 452.7 nm 7

10% Tm:YLF 452.6 ± 1.5 nm a

5% Tm:YLF 452.6 nm a

7% Tm:YLF 448.5-n r

No gain was ever conclusively recorded. Although there was only

1J incident on the crystal, some gain should have been seen just above

the noise.

An obvious possibility for error would be wavelength error. After

discussing the problem, it was agreed that the dye laser line was narrow

and stable enough for the experiment but that we needed a more accurate
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"way of recording the wavelengths. To this end, a diffuser was installed

in a fixed position near the Polychrometer entrance slot, and imaged into

S it. This eliminated the wavelength errors due to angle changes that

occurred when focusing the crystal or dye laser directly on the slit.

On March 20 this was put to the test. The 10% crystal was placed

on the a orientation and the dye laser tuned to the 452.6 nm peak.

However, the XeF laser had degraded further and only IJ was being

delivered to the crystal. It was not surprising that no gain was

measured.

3.7.3 MODIFIED SET-UP

Because of the lack of XeF energy a new experimental design was

erected and built. This used a 9.6m radius of curvature turning mirror

coated for maximum reflectance at 353mm, supplied by AVCO. This im-

•roved the reflectivity over the flat turning mirror and, morr• impor-

tantly, induced the XeF beam size to that of the integrator, thus

eliminating spillover.

Unfo-rtunately, as this was being set up, and the XeF beam
"walked through" the experiment, both the Marx bank and the foil

S blew. From March 23 through April 9, the XeF laser was never operable
long enough to align the system. The problems included nine blown
foils, four blown charging resistors and a non-firing crowbar.

At this time it was reluctantly concluded that the mean time
between failures was so short that not enough shots would be generated

to align the equipment. Without much enthusiasm, it was agreed that

we would resort to a simpler fall-back experiment which required fewer
"alignment shots (see Figure 3-21). Meanwhile, the XeF laser needed
further repairs. In the period of March 14 through 16, a spark gap
blew up, the foil was replaced, the cathode repaired and the resistor

replaced. By the 17th, our last day at AVCO, the machine was working
-again.
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3.7.4 FALL-BACK EXPERIMENT

Data was taken in the afternoon and evening of April 17th. The

XeF laser operated reliably and between 1 - 3 Joules were delivered

to the crystal." Unfortunately, the dye laser output had degraded to

100 - 200mJ and eventually failed, and only 16 data points were ob-
t• ained.

" All the data is shown in Table 3-4. The highest energy ex-

tracted, shot #6, was 93mJ. The energy extracted was measured by

monitoring with beam splitters the dye laser input and output to the

crystal with calibrated photodiodes in each shot. As a check, the

blue laser input and output was measured with and without the XeF

pump. The temporal delay between pump and extracting pulses was also

monitored during each shot.

The intent of these experiments was to extract significant "1J
*. amounts of blue light. With, for example, 3J of XeF absorbed the

stored 452 nm energy is 2.3 Joules and a dye laser fluence of 1OJ/cm2 ,
one Esat' would extract about 60% of this, or 1.4 Joules. Unfortu-
nately, during this last attempt the dye laser output dropped to a few
hundred mJ and the extracting fluence was less than 1J/cm , which for

TTm 3+:YLF is in the small signal gain regime.

* • DISCUSSION

I •. In spite of the experimental difficulties which prevented the

generation of large (".IlJ) amounts of 452 nm output sufficient data was
taken to fit the results to a model of a loss-less Tm:YLF amplifier.•" Tm3+
The major scaling concern for the Tm :YLF laser is the possibility
of ESA (excited state absorption) via the absorption transition:

3 H4  3 3 P 0
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TABLE 3-4

DYE LASER SEEDED Tm:YLF AMPLIFIER DATA

,.1

SHOT POL PUMP SEED OUTPUT ENERGY
*,l (nm) ENERGY ENERGY ENERGY GENER.

(3) (W) (3) (.3)

1 .; 1 452.7 1.6 .134 .168 34

- 2 1.5 .214 .248 34

il.3 1.9 .181 .231 5o

4 2.3 .208 .228 20

5 1.s .168 .214 46

I6 2.8 .101 .19 93

.. ."7 1.2 .221 .235 14

28 42.6 2.1 .161 .161 0
S9 3.3 .127 .181 S4

10 1.3 .144 .168 24
•"11 44e.5 2.s .161 .181 20

• .•12 1.5 .174 .174 0

13 1.3 .154 .137 x

14 0.6 .lS4 .1S4 0

"15 1.0 .134 .134 0
! :16 1.3 .124 .124 0

:.• .. 5.

: ::- 6,5-

Si r



which is in the vicinity of 450 nm (see Figure 3-22). The absorption

spectrum of this transition is not known and is exceedingly difficult

to measure; furthermore, the precise position, linewidth and strength

of the states within these multiplets are not known to sufficient
accuracy to determine whether a loss is present to any of the 1D - 3F2 4transitions. Any such loss would reduce the efficiency of the laser.

The 3H4 state is, of course, not thermally populated, nor is it
pumped directly by the XeF laser. However, at high Tm concentrations

the nearly resonant process:

2* 3 F2 : 6 4

3F 2  F 3  H

populates 3H . In fact, for each ion initially in D 2 2 ions are
excited to 3H4. The rate of this process depends on the Tm3+ concen-

3 tration; this is believed to be the dominant "concentration quenching"

mechanism for the 1D2 state. At low concentration, 1-2%, the relaxa-

tion rate of is too slow to significantly populate H 4 on the time

scale of the generation of laser pulse % lWs. At higher concentrations

S the D lifetime becomes the order of the time scale of the XeF absorp-

tion - Tm:YLF emission and the ESA possibility cannot be excluded. The

. Tm:YLF amplifier experiment provides a test for the existence of ESA.

MODEL

-Q e

A pump-while-extract amplifier model was developed for the

Tm3+:YLF amplifier. If the Tm laser were operated as a true storage
* • laser (lifetime much longer than pnmp pulsewidth) then the gain is

simply:

G "exp (N*8aL)
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o 3+
when E.in << Esat' However, the Tm lifetime in these experiments is
the order of the pump pulsewidth so that the storage model is inappro-

priate. 1igures 3-23 and 3-24 illustrate the essential physics of the
"pump-while-extract" model, more detail is provided in Appendix A, and

a comparison of the predictions and the data is shown in Tables 3-5 and
3-6.

Of the three lines aztempted, only the two longer wavelength lines

exhibited gain. One possible explanation of this is that the 448.5nm

line has a very small linewidth. It is possible that the tuning accu-

racy, both in the dye laser linewidth and central wavelength stability
were insufficient to have good spectral overlap. This is consistant,

as both of the other lines are much wider. The 452.7nm line in parti-

cular is quite wide, which is why it was attempted first (see Figure

Uo 3-25.

"Another possibility is that there is some wavelength dependent

loss, such as excited state absorption. The definitive test on this,
would involve delaying the dye laser pulse by several fluorescent life-

time. This would allow the ions to decay from the upper laser level

and populate the intermediate levels, from which an absorption might

" be originating. Unfortunately, there was no time available for this

experiment.

As described in Appendix A, the model uses uniform plane wares,

for both pump and seed beams, with top hat profiles. This is a parti-

cularly crude approximation of the pump pulse which is an erratic

focal volume. Nevertheless, the models produced surprising agreements
with the experiments. For the 452.7nm results, excluding the one point

• . with obvious instrument error, the mean error is extremely close to
"zero, and the standard deviation is less than 50%. There is certainly

no evidence here, or at 452.6nm, to indicate any large, unexpected

loss mechanism.

o.
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COMPUTER AMPLIFIER MODE:

*PUMPING: N*'.= N* + 0(1..GaL)AT N* = UPPER LEVEL POPpFF :: T = PUMP, PULSEWIDTH

0 = PUMP ENERGY

[--DECAY: N = N*' o'1r =LIFETIME

NO HAS SEED PULSE BEGUN?

YES

GAIN: gol. =.8c N* RBa = CROSS SECTION

Eo= OUTPUT ENERGY

OUTPUT: E.1 Ea + *gOL Ei1~ T5  = SEED PULSEW10TH
170 = SEED ENERGYg hv0  OUTPUT PHOTON ENERGY

POPULATION: N*' =N' (egOL~i/Tsl),v NL =LOWER LEVEL POP

NL' =NL + (e gOLE1JT.)Ihv,

NO HAS PUMP PULSE ENDED?

03111-1YES

YIE

Figure 3-24
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4.0 SUMMARY AND CONCLUSIONS

The measured gain of a Tm:YLF amplifier operated in the small

signal gain regime is in good agreement with the gain predicted by a

" "pump-while-extract" model using the measured values of fluorescence

lifetime, pump absorption coefficient, stimulated emmision cross-
section and relevant experimental parameters. Further work is needed,

"however, to confirm these results as the experiments were, of necessity,

IN• crude. Experiments with a tripled Nd:YAG pump with a well controlled

beam are recomn. ded; and it would be useful in such experiments to

develop an empirical value for the saturation fluence of the 1D2 - 3F4

laser transition(s) in this material.

-"3H 3Pot
The absence of detectable loss due to H - P excited state4 0

absorption in these small scale experiments, and the diminished magni-

tude of this loss mechanism in large aperture (low Tm concentration)

crystals indicates that efficient extraction of the stored energy is
possible in this material. Tm:YLF amplifiers appear to obey the Franz-
Nodvik equation for a loss-less amplifier. Amplifier efficiency will

be fundamentally limited by the photon decrement, upper and lower laser

level occupation factors whose product is 61%(1) and Franz-Nodvik.

The properties of Tm 3+:YLF permit the design of very high average

power devices. The heat loading in the resonant pumped system can be

as low as 1. 10-15% of the stored energy(1) compared to u 200% typical

for flashlamp pumped solid state lasers. High average power face

cooled dizc amplifiers have been designed with near diffraction limited
(4) (5)

beam quality at output powers in the kilo-watt regime. 4 ) Manzo,

et al have designed multi-kilojoule - 10 Hz Tm:YLF active mirror modules

* with conversion efficiencies >40%. Such systems appear feasible; how-

"ever further development of this technology is needed.
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APPENDIX A

LASER AMPLIFIER MODEL

A simple computer simulation has been implemented. Approximating

both the XeF and dye laser beams as uniform, plane waves with "top-hat"
temporal profiles, the simulation is accomplished by running successive

absorptions, decays and small signal gain passes on one nanosecond

"slices" of each beam.

The required inputs to the program are the XeF pump energy, area

and pulsewidth. Tht machine also needs to );.ow the fraction absorbed
by the crystal. Next, .he dye laser energy, area and pulsewidth are

required, along with the fraction of the blue beam that passes through

the region. The delay between the beams is entered, as is the cross-

section, fluorescent lifetime and upper and lower level occupation
factors.

For each nanosecond, the program ascertains if the pump pulse

has expired. If not, it adds one nanosecond fraction of the pump
fluence to the crystal. It then allows the upper level to decay for
one nanosecond. If the delay period is over, it passes a one nano-
second fraction of blue light through the crystal, calculating the

gain by the small signal approximation. This is quite valid as the

fluence in one nanosecond is usually <.01 J/cm2 on <10-3 Esat' If

the blue pulse has not nded, it goes "ack and does another loop.

The output energiy the product of the pumped area covered by

the blue times the outpuý, fluence plus that blue light that bypasses

the pumped region.

The program then ca culates, rounds off and displays the output

energy, that fraction of he output energy that represents energy con-
verted from the UV. The conversion efficiency with regard to the

A-I



delivered UV beam and the change on a meter intercepting any part of

M the blue output beam.

Table A-i includes a listing of the program from Sanders' DEC-20.
The actual simulation arithmetic is located in lines 750-910. The
rest is input/output and formatting.
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